Co-evolution between developmental regulatory elements is an important mechanism of evolution. This work compares the hnnchbackbicoid interaction in the housefly Musca domestica with Drosophila melanogaster. The Musca HUNCHBACK protein is 66% conserved and partially rescues a hurzchbuck mutant, yet the BICOID-dependent promoter (P2) of Musca hunchback is unexpectedly diverged from D. melanogaster. Introduced into D. melanogaster, this promoter drives a normal P2 pattern during the syncytial blastoderm stage but is expressed ectopically at the anterior pole of the embryo at later stages. We also report differences in the early expression of hunchback in Musca. We suggest that conservation of the morphogenetic function of bicoid in different sized embryos of higher diptera requires coevolution of bicoid and its target binding sites. 0 1997 Elsevier Science Ireland Ltd.
Introduction
Changes in developmental regulatory systems are a major source of morphological diversity both within and between species. Alterations in the cis-regulatory regions of genes or in the coding regions of truns-regulatory factors can lead to new patterns and new functions (Dickinson, 1991; Davidson et al., 1995) . Interspecific modifications of the pattern of expression of homologous genes are now well documented (Patel, 1994) . However, the precise genetic changes at the DNA level which are involved in these changes of gene expression are usually unknown. Thus, the reasons why and how these mutations were tolerated and eventually fixed in a population remain unclear (Palopoli and Patel, 1996) . Promoters of genes often consist of multiple copies of each of a variety of binding sites for transacting regulatory proteins. Gain-and-loss of sites, changes in position and sharing of sites between promoters can be due to a number of well-characterised mechanisms of genomic 'turnover' such as DNA slippage, transposition, unequal crossingover and gene conversion, in addition to sequence changes by base substitution. How can such changes be tolerated in critically important regulatory regions? One solution is for the transacting transcription factors to co-evolve with the changing nature of the multiple binding sites. Such 'molecular co-evolution' between multiple genetic elements and genes elsewhere is considered to involve an evolutionary interplay between genomic turnover and natural selection (Dover and Flavell, 1984; Dover, 1992) . Essentially, the redundant nature of, for example, c&acting binding-sites, acts as a useful buffer to the organism as the sequence composition and positions of sites begin to change, so providing the selection time to promote alleles of the transacting genes that carry compensatory mutations. By this means, subtle changes in the regulation of a given gene can be accommodated, without major disruption of gene expression.
In order to study the phenomenon of molecular co-evolution amongst developmental genes, we decided to study the evolution of the interaction between the morphogenetic homeoprotein BICOID and the multiple BICOID binding sites within the P2 promoter of the segmentation gap gene hunchback in higher diptera.
The segmentation gene hunchback is involved in early pattern formation in the Drosophila melanogaster embryo. Amorphic mutations in this gene cause deletions of the 0925 .4773/97/$17.00 0 1997 Elsevier Science Ireland Ltd. All rights reserved PII s0925-4773~97) labium and of the three thoracic segments, as well as a fusion of the abdominal segments 7 and 8 (Lehmann and Niisslein-Volhard, 1987) . hunchback codes for a zinc-finger transcription factor which regulates its target genes in a concentration-dependent manner (Tautz et al., 1987; Struhl et al., 1992) . It shows a complex pattern of expression with a maternal phase, an early zygotic phase and a late expression phase in the developing nervous system (Tautz et al., 1987; Schrijder et al., 1988; Tautz and Pfeifle, 1989) . Its early zygotic expression is regulated by BICOID through specific binding sites located in the proximal promoter (P2). This promoter responds in a concentration-dependent manner to the morphogenetic gradient of BICOID during the blastoderm stage (Tautz, 1988; Struhl et al., A 1989; Rivera-Pomar and Jackie, 1996) . BICOID molecules bind DNA through their homeodomain and interact weakly between one other to form a complex which directly activates the transcription machinery (Sauer et al., 1995a,b; Yuan et al., 1996) . hunchback autoregulation is thought to occur synergistically with bicoid at this stage (Simpson-Brose et al., 1994; Sauer et al., 1995a) . The interaction between the BICOID homeodomain and the P2 hunchback promoter has the virtue of being relatively simple and well characterised both in vitro and in vivo in D. melunoguster. This system thus constitutes a good model to address the question of co-evolution between cis-and trunsregulatory elements involved in an important developmental pathway. of Development 66 (1997) (Treier et al., 1989) revealed minor sequence and pattern differences. However, both D. pseudoobscura bicoid and D. virilis hunchback are functionally equivalent to the homologous genes in D. melanogaster (Seeger and Kaufman, 1990; Lukowitz et al., 1994) . Therefore, no significant molecular changes seem to have occurred in the bicoid-hunchback interaction between Drosophila species separated by 40-60 million years. D. melanogaster and Musca are higher diptera (suborder cyclorrhapha) separated by approximately 100 million years (Henning, 1981; Beverley and Wilson, 1984) . Al-though the long-gem band mode of embryonic development is very similar in both species, the Musca embryo is twice as long along the antero-posterior axis. This is an important morphological difference, considering the concentration-dependent manner of binding of the antero-posterior morphogens such as bicoid and hunchback. A divergence of this system between D. melanogaster and Musca is a reasonable possibility. Indeed, previous studies have shown that the bicoidhunchback interaction is likely to be conserved in Musca with some modifications.
PCR fragments of the bicoid homeobox and of the hunchback zinc-finger domains were sequenced and used as probes for in situ hybridisation (Sommer and Tautz, 1991a) . These results indicate a general conservation but with many interesting differences. In particular, the BICOID homeodomain shows six amino-acid changes out of 44 (13.6%) which is an unusually high divergence for a homeobox. Several changes of hunchback early expression were also observed in M. domestica.
We have cloned and sequenced Musca hunchback and analysed its early zygotic expression. The bicoid-dependent promoter (P2) has been characterised both in vitro and in vivo. We describe here several differences in the structure of the P2 promoter and in the regulation of hunchback between D. melanogaster and Musca, which suggest that co-evolution might have occurred in this regulatory interaction between these two species. Additional analyses of mutational turnover processes in hunchback and in extensive regions of 5' and 3' flanking regions are described elsewhere (Hancock et al., unpublished data).
Results

Structure of the hunchback gene of Musca domestica
In order to obtain the hunchback gene of Musca domestica, a genomic library was screened with a PCR-probe corresponding to the first zinc-finger domain. A single positive phage was recovered (Fig. 1A) . Restriction mapping and Southern blotting using three different probes showed that the Musca genome contains a single hunchback gene. A 5.5 kb contiguous region of the clone encompassing the whole open reading frame and 1 kb of upstream DNA was sequenced (Fig. 2 ). An open reading frame encodes a putative protein of 817 amino acids which exhibits an overall similarity of 66% with the shorter D. melanogaster protein (760 aa) (Fig. 1B) . However, the two zinc-finger domains are very highly conserved (96% for ZFDl and 100% for ZFD2 at the amino acid level, including the conservative changes). In addition other conserved domains of unknown function exist between the two species (Hancock et al., unpublished data) .
The position of a transcription start site was determined using S'RACE-PCR on Musca embryonic polyA RNA (see Section 4). The position of the intron was determined by alignment of the S'RACE-PCR cDNA sequence with the corresponding genomic region (Fig. 2) . The SUTR and intron are significantly larger than in Drosophila (3 times and 1.5 times, respectively) (Fig. 1B) . In the 3'UTR region of the D. melanogaster hunchback transcript, two nanos responsive elements (NRE) separated by 36 bp mediate a translational regulation by the nanos gene. These sites are the target for PUMILIO, NANOS and other unidentified factors (Murata and Wharton, 1995; Curtis et al., 1997) . The Musca hunchback RNA contains two putative NREs 80 bp apart (Figs. IB and 2). Upstream of the transcription start site, a putative TATA box and several putative BICOID binding sites define the P2 promoter of the Musca hunchback gene. In Drosophila melanogaster, the P2 promoter is responsible for the BICOID regulation of the early zygotic expression of hunchback.
In summary, the hunchback gene structure is well conserved between Musca and D. melanogaster. However, contrary to the coding regions, the sequences of the promoters are unalignable. The mechanisms of genomic turnover probably responsible for such high divergence and their effects on promoter structure are described elsewhere (Hancock et al., unpublished data).
BICOID binding sites in the promoter of Musca hunchback
The Drosophila P2 promoter is characterised by the presence of seven BICOID binding sites (Driever and NtissleinVolhard, 1989; . Three of these sites (Al, A2, A3) show a strong footprint pattern with BICOID protein ( Fig. 4A ) and are conserved between D. melanogaster and D. virilis (Lukowitz et al., 1994) . Using sequence comparisons, five putative BICOID binding sites which are similar (one mismatch) to the Drosophila consensus YTAATCC can be found upstream of the Musca hunchback gene. However, given the overall divergence of this promoter between the two species, it was important to experimentally identify the BICOID binding sites in the Musca P2 promoter.
Ten BICOID binding sites have been identified by DNase1 footprinting in the first 1 kb of the promoter of Musca hunchhock (Fig. 3A,B) . Six sites (1. 3, 6, 7, 9 and 10) con- 200  300  400  500  600  700  800  900  1000  1100   1200  13oc  1400  1500  1600  1700  1800  1900  2000  2100  14  2200  47  2300  81  2400  114  2500  147  2600  181  2700  214  2800  247  2900  281  3000  314  3100  347  3200  381  3300  414  3400  447  3500  481  3600  514  3700  547  3800  581  3900  614  4000  647  4100  681  4200  714  4300  747  4400  781  4500  814  4600  817  4700  4800  4900  5000  5100  5200  5300  5400  5500  5519 Fig. 2. Sequence of the Musca domestica hunchback gene and its 5' and 3' flanks. The BICOID footprinted regions are underlined with the nucleotides matching the Musca BICOID binding site consensus in bold. The transcription start is marked with an arrow. The intron sequence is in lowercase. The putative protein sequence is indicated in the single letter code below the DNA sequence. The two zinc-finger domains are boxed. An asterisk (*) denotes the stop codon, after which two putative nanos responsive elements are underlined and in bold. The two putative polyA signal sequences are underlined and in italics.
tain the TAAT core common to all the metazoans homeodomain DNA binding target (Wilson et al., 1996) . Four sites (2, 4, 5 and 8) have a single base difference outside of the most important positions for BICOID binding in Drosophila (Wilson et al., 1996) . In the position 3' to the TAAT core, the second base (position 8 in Fig. 3B ) is not always a C, as in DrosophiZa, but can also be a T or a G. Thus, the BICOID binding site core sequence common to D. melunogaster and Musca is TAATC (Fig. 3B) .
Several other characteristics of the P2 promoter differentiate the two species and are summarised in Fig. 4 . Firstly, all the sites are not oriented in the same direction in M~sca (Fig. 4A) . Secondly, the 10 BICOID binding sites of Musca are spread over 700 bp of promoter, compared to 280 bp in Drosophila (Driever and Ntisslein-Volhard, 1989) . Thirdly, the cluster of BICOID binding sites is 234 bp away from the transcription start, compared to 62 bp in Drosophila (Fig.  4A,B ). These differences in spacing may be functionally important because of co-operative interactions between BICOID molecules and the transcription machinery Yuan et al., 1996) .
Early expression of hunchbuck in Musca
We have performed a detailed analysis of the early hunchback expression in Musca domestica embryos. Our results confirm some previous observations (Sommer and Tautz, 1991a) . However, we have discovered interesting previously unreported features of the early pattern of hunchback expression.
In the Drosophilu embryo, hunchback maternal transcripts are homogeneously distributed throughout the egg. This expression is regulated by unknown factors in the distal Pl promoter. Later, during segmentation, hunchbuck RNA becomes restricted to the anterior half of the embryo, showing a typical 'primary gap gene' pattern at the early blastoderm stage . The mechanism responsible for the degradation of hunchback maternal transcripts is not known. BICOID activates the early zygotic expression from the proximal P2 promoter. In Drosophila, the two early phases of hunchback expression overlap, so that at the syncytial blastoderm stage the anterior pattern is due to both zygotic and maternal RNA (Fig. 8) .
In Muscn, hunchback transcripts are also distributed uniformly throughout the egg (Fig. 5A ) and then restricted to the anterior half (Fig. 5D ) at the syncytial blastoderm stage. However, there is a difference between the two species in that in Musca the maternal transcripts disappear at the anterior pole in addition to the posterior pole (Fig. 5B) , suggesting that some determinants of the terminal system are involved in hunchback maternal transcript degradation in Musca. Degradation becomes more intense in the posterior half of the embryo and, finally, a small anterior cap of staining is seen (Fig. 5C ) which gradually extends to the middle of the embryo due to zygotic expression (Fig. 5D) . Therefore, there is a clear separation in time in Musca DNasel ladders were incubated with Musca BICOID (+) or with control protein (-). The corresponding sequence ladders are shown adjacently. On the left are data for the anti-sense strand and on the right are data for the sense strand. BICOID binding sites are shown as boxes and are numbered 3 (distal) to 7 (proximal). (B) BICOID binding site sequences of the protected regions and co-ordinates from the transcription start. Sites 4, 6 and 9 are oriented on the opposite strand with respect to the other sites. Sequences were aligned using ClustalW (GCG) to determine the Musca consensus. The D. melunoguster consensus was redetermined by applying the same method to the seven BICOID binding sites identified in the minimal P2 promoter of this species (Driever and Nuksslein-Volhard, 1989; . The nucleotide positions are the same as in the previously reported TCTAATCCC consensus (Driever and Ntisslein-Volhard, 1989) . The position 1 is not represented because it does not define any consensus nucleotide (see also Wilson et al., 1996) . Matches to the common TAATC core (positions 3-7) are in bold. Y is pyrimidine (T or C).
between maternal degradation and the new zygotic expression.
Ectopic expression of Musca hunchback in Drosophila embryos
Our goal is to identify the changes of cis-and/or transacting factors which are responsible for the different patterns of hunchback early expression in Musca compared to D. melanogaster.
To address this problem, 11 kb of the Musca hunchback gene, including the P2 promoter, were introduced into D. melanogaster (Fig. 1A) . We obtained four independent transgenic lines. Using a Musca specific RNA probe, it is possible to reveal the expression of the Musca transgene P(Mhb) without any cross-hybridisation with the Drosophila hunchback transcripts. The four independent lines exhibit the same pattern which is shown in Fig.  6 . Neither maternal expression nor late expression in the nervous system were detected, as expected with a construct that potentially contains only the P2 promoter of hunchback (data not shown). We can distinguish two phases of expression of the P(Mhb) construct. The early phase of expression is similar to a Drosophila P2driven pattern (Lukowitz et al., 1994) . The second phase of expression reveals a new and surprising localisation of hunchback transcripts. (Driever and Nttsslein-Volhard, 1989; . D. virilis (Lukowitz et al., 1994) The P(Mhb) transgene is first expressed in the anterior half of the embryo at the syncytial blastoderm stage (Fig.  6A ). This profile corresponds to the normal early zygotic expression of hunchback in Drosophila. As cellularisation proceeds, a surprising pattern of expression is observed with a strong ectopic staining at the anterior pole of the embryo (Fig. 6B) . At this stage, a staining of the yolk can be seen and a stripe is present more posteriorly (Fig. 6B) . At a later stage of the cellular blastoderm, the stripe completely disappears (Fig. 6C) , while the anterior expression persists through gastrulation (Fig. 6D) . This anterior expression is ectopic because in Drosophila and in Musca there is a degradation of hunchback RNA at the anterior pole of the late blastoderm stage embryo Sommer and Tautz, 1991a) . Interestingly, this mis-localisation has no effect on the viability of the four transgenic lines.
In order to determine whether the ectopic expression pattern is regulated by bicoid, we examined P(Mhb) expression in embryos from homozygous bed mothers. Both phases of P(Mhb) transgene expression are abolished in a strong bicoid mutant background (Fig. 6E) . Thus, the Drosophila BICOID protein is able to regulate the Musca hunchback P2 promoter in vivo and the ectopic expression at the anterior pole is dependent on bicoid activity.
Because hunchback autoregulates itself in D. melanogaster (Treisman and Desplan, 1989) we tested the effect of an amorphic hunchback mutation on the expression of the Musca transgene. In a hunchback zygotic mutant background, the P(Mhb) transgene expression is not affected (Fig. 6F ), indicating that a putative autoregulation of the Musca hunchback gene is either not acting at this stage, or is inhibited in a Drosophila context.
Musca HUNCHBACK is functional in Drosophila embryos
The ability of the P(Mhb) construct to rescue the Drosophila hunchback mutant phenotype was tested with the amorphic mutation hb9Q'7 (Fig. 7) . The cuticle of the first instar larvae of this strong mutant (class I according to Lehmann and Nttsslein-Volhard, 1987 ) is characterised by abnormal mouth-hooks, a lack of labial and thoracic segments and a fusion of the abdominal segments 7 and 8 (Fig.  7B ). In the transformed larvae, a partial rescue is obtained (Fig. 7C) . The labial segment and the first thoracic segment (Tl) are rescued, but not the other thoracic segments. It has been reported that the rescue of the second thoracic segment by a Drosophila P2 promoter transgene is always weak (Lukowitz et al., 1994) .
In summary, the larvae of genotype hb9Q17; P(Mhb) show an anterior rescued phenotype similar to the hunchback hypomorphic mutants of class III (as defined by Lehmann and Nttsslein-Volhard, 1987) . This result demonstrates that the Musca HUNCHBACK protein is functional in D. melanogaster. 
Discussion
In an attempt to elucidate the molecular changes which determine the evolution of a developmental regulatory system, we have characterised the structure and the early regulation of the hunchback gene of the housefly Musca domestica. A functional and comparative analysis has been initiated and should provide a solid ground for further understanding of the many differences observed in this system. In another report (Hancock et al., unpublished data) we describe the results of detailed comparative sequence analyses, using a variety of methods of hunchback and its 5' and 3' flanking sequences.
Structure
As in all the other insect species studied so far, the Musca domestica genome contains only one hunchback gene. In the leech Helobdella triserialis, two genes have been identified, one of which is possibly a pseudogene (Savage and Shankland, 1996) . The putative HUNCH-BACK protein of Musca is 57 amino acids longer than in D. melanogaster. whereas surprisingly the Musca and D.
virilis HUNCHBACK proteins are almost the same size (817 and 816 amino acids, respectively). The difference in size between the two Drosophila proteins has been interpreted as a result of insertion/deletion events due to internal genomic processes such as slippage (Treier et al., 1989) . The coding sequence is 66% conserved between Musca and D. melanogaster.
Most of the similarity is concentrated in the six zinc-fingers. In comparison, the HUNCHBACK proteins of D. melanogaster and D. virilis exhibit a similarity of 80% (Treier et al., 1989) .
The divergence between Musca and Drosophila hunchback genes is greater outside of the coding region, due largely to frequent sequence turnover by DNA slippage-like mechanisms (Hancock et al., unpublished data). However, some important regulatory sites are conserved. Most notably, two putative nanos responsive elements (NRE) are present in the 3'UTR region of hunchback RNA. It has been shown that posterior pole plasm transplantation from Musca embryos can rescue the phenotype of a D. melanogaster nanos mutant (Curtis et al., 1995) . Altogether, these results suggest that the nanos-mediated translational repression of hunchback RNA is a conserved feature of dipteran embry-ogenesis. In fact, this developmental regulation may be important for a wide range of organisms, as suggested by the presence of a putative NRE in the hunchback gene of a coleopteran (Wolff et al., 1995) and a leech (Savage and Shankland, 1996) .
Early expression of hunchback in Musca
The expression of hunchback during the early stages of D. melanogaster embryogenesis can be divided into three overlapping phases, i.e. maternal, first zygotic expression in the anterior half of the embryo and second zygotic expression in three stripes at the cellular blastoderm stage . Maternal and secondary zygotic expressions A are similar in D. virilis and Musca domestica, with the exception of subtle variations affecting the parasegment 4 stripe (Treier et al., 1989; Sommer and Tautz, 1991a) .
Our results suggest a new mechanism of hunchback regulation during Musca early embryogenesis. Indeed, the disappearance of the maternal transcripts starts from the terminal ends of the embryo. Our results suggest that some terminal factors may be important for the onset of this degradation in MUSCU. Nothing similar has been reported for D. melanogaster, although in this species the early onset of the anterior zygotic expression could mask a terminal degradation at this end of the embryo. Interestingly, the terminal expression domain of several other segmentation genes (knirps, tailless, hairy, Krtippel, forkhead, (Sommer species (Sommer and Tautz, 1991b) . The progressive formaand Tautz, 1991a). It seems, therefore, that the terminal tion of the anterior pattern of hunchback in Musca suggests development is functionally diverged between these two that the establishment of the BICOID protein gradient along species of different egg size.
caudal) is delayed or weaker in Musca domestica
the anterior-posterior axis is slowed down in this species. The first zygotic expression, which is under the regulation of the BICOID-dependent promoter P2, was reported to be identical in the three fly species studied so far (Treier et al., 1989; Sommer and Tautz, 1991a) . However, our analysis reveals that the transition between maternal and early zygotic expression is different in Musca (Fig. 8) . In Drosophila, these two processes largely overlap, resulting in a permanent staining of the anterior pole of the embryo until the cellular blastoderm stage. The pattern observed in Musca in which hunchback expression disappears at the anterior pole could be due to either a more rapid degradation of hunchback maternal transcripts, or to a later activation by BICOID after the maternal expression has disappeared. It is interesting to note that the embryo of Musca domestica is 1 mm long, compared to 0.5 mm for D. meZanogaster, although the duration of embryonic development is 24 h at 25°C in both
Identi$cation of the Musca P2 promoter
The P2 promoters of D. melanogaster and D. virilis can be aligned and are functionally interchangeable (Lukowitz et al., 1994) . Musca is phylogenetically more distant and we found that the promoter sequence of hunchback is unalignable with that of Drosophila species. However, the bicoid gene of Musca is expressed in a pattern similar to Drosophila (Sommer and Tautz, 199 la) and anterior cytoplasm from Musca embryos contain a BICOID activity which can partially rescue a D. melanogaster bicoid mutant (Schroder and Sander, 1993) . Both these results suggest that BICOID regulates hunchback in Musca by binding to BICOID binding sites in the equivalent P2 promoter, embedded somewhere amongst very divergent sequences. 
BICOID binding sites
The P2 promoter in Musca hunchback is likely to contain a cluster of BICOID binding sites, as in Drosophila species. To identify this region, we tested 1 kb of upstream sequence for their BICOID binding activity by DNaseI footprinting with Musca BICOID homeodomain.
Our results demonstrate the existence of a Musca BICOID-dependent P2 promoter. Compared to the Drosophila system, the structure of this promoter reveals a combination of conserved and diverged features (Fig. 4) .
The P2 promoters of D. melanogaster and Musca are different with seven and 10 sites, respectively. The number of BICOID binding sites determines the width of the threshold at which BICOID can activate hunchback Gibson, 1996) . In Drosophila, these sites are clustered within 300 bp (Lukowitz et al., 1994) whereas in Musca the analogous region spans more than 700 bp. Transgenie experiments using an artificial promoter composed of several BICOID binding sites separated by either 11 or 25 bp demonstrated the dramatic effect of the intersite distance for the activation of a reporter gene (Hanes et al., 1994) . This is probably due to the co-operative interactions which occur between BICOID molecules for DNA binding Yuan et al., 1996) . The distance between the cluster of BICOID binding sites and the start of transcription may affect the interaction of BICOID with the transcription machinery (Sauer et al., 1995a (Sauer et al., , 1995b . The fact that all the BICOID binding sites are not oriented on the same DNA strand, as is the case for the Drosophila species, may not be an important difference since it has been observed that changing the orientation of some of the sites in reporter gene constructs had no effect on the activity of the modified promoter . However, if this orientation is not functionally important, then its conservation during 60 million years since D. melanogaster diverged from D. virilis is surprising.
Transgene expression
The P2 promoter of D. melanogaster is characterised by its ability to direct the first zygotic expression of hunchback in the anterior half of the embryo. The expression of the P(Mhb) construct in Drosophila embryos provides in vivo evidence for the presence of a Musca P2 promoter within the 4 kb of upstream sequences that contains our genomic clone. The absence of maternal and late zygotic expression indicates that the P(Mhb) construct does not contain any functional Pl promoter. These results are summarised in Fig. 8 . The first phase of P(Mhb) expression is similar to what has been observed for transgenic constructs containing a Drosophila P2 promoter (either D. melanogaster or D. virilis) upstream of a LacZreporter gene (Schroder et al., 1988; Lukowitz et al., 1994) . The anterior staining is shifted slightly anteriorly, probably because an enhancer is missing in the P2 constructs. After this uniform expression in the anterior half of the embryo, the P(Mhb) construct is expressed in a stripe located anterior to the normal parasegment 4 stripe. A similar stripe is observed with Drosophila P2 promoter constructs (Schroder et al., 1988; Lukowitz et al., 1994 showing that the D. melanogaster BICOID homeodomain binds to the Musca hunchback P2 promoter (unpublished data).
During the cellular blastoderm stage, the ectopic expression of P(Mhb) at the anterior pole is dependent of BICOID activity, as indicated by its abolishment in a bicoid mutant. The persistence of P(Mhb) transcripts at the anterior pole coincides with low levels of BICOID which can be detected in the nuclei of anterior cells until the end of germ band elongation (Driever and Nttsslein-Volhard, 1988) . It is known that the retraction of D. melanogaster hunchback expression is dependent on the terminal-group gene torso which codes for a receptor tyrosine kinase acting in a signal transduction pathway (Sprenger and Ntisslein-Volhard, 1993) . In embryos mutant for torso, hunchback expression persists at the anterior pole (Tautz, 1988) . It has been suggested that the BICOID molecules were directly inactivated at the anterior pole by phosphorylation from an as yet unidentified torso-dependent kinase or that a co-factor of BICOID is inactivated by the torso pathway (Ronchi et al., 1993; Bellaiche et al., 1996) . The Drosophila P2 promoter constructs do not drive this ectopic anterior-pole pattern characteristic of P(Mhb), possibly due to their sensitivity to torso-repression (Schriider et al., 1988; Lukowitz et al., 1994) . By contrast, the P(Mhb) construct is not sensitive to this repression and its expression mimics the effect of a torso mutation. One simple explanation could be that the torso-phosphorylated BICOID molecules are still able to activate a sensitive promoter such as the M~lsca P2 promoter.
The retraction of hunchback pattern in both species suggests that expression of this gene at the anterior pole of the cellular blastoderm may have deleterious effects (Ronchi et al., 1993) . Interestingly, the ectopic persistence of Musca hunchback at the anterior pole has no effect on the viability of the transgenic lines. Similar observations were made when the P2 promoter of D. melanogaster hunchback was used to drive ectopic expression of the pair-rule genesfushi tarazu, even-skipped and hairy. Unexpectedly, despite misregulation, the transformed flies were viable (Parkhurst and Ish-Horowitz, 1991) . This probably reflects the important pattern repair ability of the Drosophila embryo (Namba et al., 1997) .
Interspec$c divergence of hunchback function
The P(Mhb) construct is able to partially rescue the hunchback mutant phenotype. The rescue is less efficient than with constructs containing the D. melanogaster hunchbuck cDNA under the regulation of its own P2 promoter, in that there is no rescue of the third thoracic segment (T3). The second thoracic segment (T2) is never rescued either with BICOID-dependent constructs (Lukowitz et al., 1994) , or with a 10 kb genomic fragment including P2 and part of PI promoter (Tautz et al., 1987) . A correct expression of hunchback in the parasegment 4 is necessary for the formation of T2. The regulatory elements involved in this expression are probably located outside of the fragments used in rescue experiments.
The third thoracic segment (T3) of transformed larvae is normal either with the D. melunogaster or the D. virilis P2 promoter upstream of the D. melanogaster cDNA (Lukowitz et al., 1994) . What might result after transformation with the D. virilis cDNA is unknown. Thus, compared with Drosophila P2 constructs, the absence of T3 rescue with P(Mhb) is the major difference.
An evolutionary perspective
Is there any link between the structural differences of the BICOID binding sites in the P2 promoters of D. melunogaster and Musca and the observed differences in hunchback expression and function? It is clear that hunchback expression patterns are different at the pre-blastoderm stages of the two species and at the cellular blastodetm stage between transgenic lines transformed with P2 of D. melanogaster or Musca. Furthermore, the Musca hunchback cannot rescue the third thoracic segment of hunchback mutants, unlike the Drosophila hunchback transformants.
One possible link revolves around the two-fold difference in the size of the eggs. It could be that Musca has evolved a P2 promoter that is capable of responding to much shallower gradients of BICOID in its double-sized egg. If hunchback expression is to be located in the expected position of this gap gene in higher diptera at an early cellular blastoderm stage, then some increased sensitivity to low levels of BICOID is required. Such increased sensitivity might require, in turn, the extra flexibility consequential on having an increased number of BICOID binding sites and a higher level of sequence variability between the sites. The intersite spacing and distances from the start of transcription might also be of significance when considering co-operativity and synergy in the overall regulation of hunchback at the P2 promoter.
We do not know, as yet, whether the observed six out of 44 amino-acid differences in the BICOID homeodomain between the two species (Sommer and Tautz, 1991b) have occurred in response to the structural and sequence changes in the P2 promoters. Nevertheless, this is a high number of differences relative to the complete conservation of the homeodomain between D. melanogaster and D. pseudoobscura which are 45 million years apart (Schroder and Sander, 1993) . Our current quantitative analysis of binding affinity of the two homeodomains should help to determine whether these differences are functionally significant. Molecular coevolution might underlie the parallel changes between the BICOID homeodomain and the BICOID binding sites between Drosophila and Musca.
Finally, the changes amongst the multiple BICOID binding sites in the P2 promoters of the two species need to be considered in the background of the overall sequence and organisational differences that have occurred in the surrounding upstream and downstream sequences, including the hunchback gene itself. It is only in the perspective of the mutational mechanisms operating in and around hunchback and through a consideration of their rates and localities of operation that the functional changes in the P2 promoter can be fully understood. Our detailed analyses of the hunchback locus structure in different insect species indicate unusually high levels of sequence turnover, largely due to slippage-like processes that affect both functional and non-functional regions of hunchback (Hancock et al., unpublished data). It could be that such mutational pressure has elicited both co-evolutionary changes in the bicoid homeodomain and the subtle, yet potentially important changes in expression and function of hunchback when comparing Drosophila with Musca.
Materials and methods
Flies
The wild-type Cooper line of Musca domesticu was a gift of Martin Williamson (IACR-Rothamsted, UK). Musca flies are raised at 25°C in cages containing water, dried milk and a box of medium for larval growth composed of 50 g bran, 150 ml milk supplemented with 0.2% nipagin and a pinch of dried yeast. Oregon R is the D. melanogaster wild-type strain of reference. Amorphic mutant alleles used are /&PI7 (Htilskamp et al., 1994) , bcdE'. bcdE6 and bcdo".
All the bicoid alleles are described in Lindsley and Zimm (1992) . Embryos homozygous for bicoid mutations were obtained by crossing females bed-ldf(3R)LIN with males of the P(Mhb) line.
Cloning and sequencing
a PCR to generate double-stranded DNA for footprinting. Amplification was done on plasmid template for 24 cycles using 0.5 U Tag polymerase (Advanced Biotechnologies) in a Perkin-Elmer 4600 Thermal Cycler using the following profile: 30 s at 95°C 30 s at 53°C and 60 s at 72°C. Yields of DNA were estimated from EtBr-stained agarose gels.
To isolate the hunchback gene of Musca domestica, we used a XEMBL3 genomic library constructed by Sau 3AI partial digestion of larval DNA from the Cooper strain. Approximately 2 x lo5 plaques were screened using a 136 bp PCR fragment amplified from an M13mpl8 clone (a gift from R. Sommer). This probe hybridises within the first zinc-finger domain (Sommer and Tautz, 1991a) . A single positive phage was recovered containing a 16 kb insert, which was subcloned into pBluescriptI1 KS+ (Stratagene) and restriction mapped using standard methods (Sambrook et al., 1989) . Sequencing was done manually using T7 DNA polymerase (Pharmacia) and partially in replicate using an automated Tag DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems) and Model 373A sequencer (PNACL services, Leicester University). The sequence has been submitted to the EMBL Database under the accession number Y13050.
Footprinting
End-labelled DNA (3-5 ng) was incubated with 2 pg of BICOID homeodomain fusion protein or 10 ,ug of control protein in footprinting buffer . The concentration of double-stranded competitor DNA, poly [d(I:C)], was 14 hg/ml in a final volume of 50 ~1 for 45 min on ice. CaCl* and MgC12 were added to final concentrations of 2.5 and 11 mM, respectively, followed by 5 x 1 0W3 U of DNaseI (RNase-free) (Sigma) and digested for 5 min on ice.
DNaseI footprinting
The digestion was stopped by adding 90 ~1 of stop solution (200 mM NaCl, 30 mM EDTA, 1% SDS, 100 pug/ml yeast tRNA). The reactions were phenol/chloroform extracted, precipitated with ethanol and electrophorised on a 6% sequencing gel. To locate footprints in the sequence, manual dideoxy sequencing reactions using denatured double-stranded plasmid templates were run adjacently to the footprinting reactions. Footprinting was done on both strands, except for the region corresponding to positions 704-903 in Fig. 2. 
Protein purijcation
4.4. S'RACE-PCR The Musca bicoid homeobox was amplified by PCR from a Musca bicoid subclone of a genomic AEMBL3 clone (Fazakerley, 1996) . A PCR product of size 180 bp was obtained and cloned into the E. coli expression vector pMALc2 (New England Biolabs). The recombinant plasmid yields maltose binding protein (MBP) with a C-terminal fusion of a 60 amino acid homeodomain peptide (Fazakerley, 1996) . E. coli DHSo bacteria were transformed with the fusion construct and cells were induced with 0.5 mM IPTG at mid-log phase (ODmO-0.5) for 3 h at 37°C. Protein extraction and purification were done according to the manufacturers' recommendations (New England Biolabs). The purified protein was dialysed overnight at 4°C against buffer and stored at -7O'C. Purity and concentration were checked by Coomassie-Blue stained SDS-PAGE gels and Bradford assay. The control MBP with no homeodomain peptide was similarly obtained.
Probe preparation
A PCR-based method was employed, modified from Lin and Shiuan (1995) . The 1 kb DraI-DraI fragment of the Musca P2 promoter was divided into four subclones into pBluescriptI1 KS+ vector. Universal primer (10 pmol) (SK, -20 or REVERSE, Stratagene) were end-labelled with T4 polynucleotide kinase and [y-33P]dATP, 10 @Xl mmol (DuPont). The 33P isotope was used to facilitate handling and to improve band resolution. An aliquot of endlabelled primer was used directly, without purification, in Musca early embryonic mRNA was obtained using a Stratagene mRNA isolation kit. The S'RACE kit (GIBCO BRL) used employs the same strategy as the original procedure described by Frohman et al. (1988) . mRNA (IO-20 ng) was reverse-transcribed using primer GSPl: 5'-TGTTGCTTGAGATAGTT-3'.
cDNA purification and tailing were done according to the kit instructions. 5' RACE-PCR was done using reaction conditions as described in the kit using primer GSP21:
S'-CATCATGCTGCTGTG-CTGTTG-3' and anchor primer from the kit. A PTC-200 thermal cycler (MJ Research) was used with the following profile: hot start, 60 s at 95°C. 70°C hold and addition of 1 U of Tag polymerase (Applied Biotechnologies); main program, 10 s at 94°C 30 s at 57°C and 60 s at 72°C for 35 cycles. The products were electrophorised on an EtBrstained agarose gel and a major product of size 660 bp was excised from the gel and purified using a silica extraction method. An aliquot of this product was reamplified using anchor primer and nested primer GSP4: 5'-GGCCACGCGTCGACTATTGGCGGCTGTTTGTTG-3'. The reamplified product was cloned into pBluescriptI1 KS+ and independent clones were sequenced manually using T7 DNA polymerase (Pharmacia).
A major product of size 660 bp was obtained from the first PCR and after reamplification a single product of size 600 bp was obtained. Among 21 clones sequenced, 19 had 5' ends which corresponded to the same transcription start site, position 1155 in Fig. 2 . The intron-exon boundary was determined by comparing the sequence of the S'RACE clones with the genomic sequence. 
Drosophila transformation
The P(Mhb) construct consists of an 11 kb SalI-SmaI fragment of the Musca hunchback genomic clone inserted into the XhoI-HpaI sites of pW8 transformation vector (Klementz et al., 1987) . This fragment contains the whole coding region and 4 kb of promoter sequences (Fig. 1) . Germ-line transformation was performed using standard protocol (Rubin and Spradling, 1982) . P(Mhb) was injected into wA2-3 embryos (Robertson et al., 1988 
In situ hybridisation and cuticle analysis
Digoxygenin-labelled RNA probes were synthesised from Bluescript subclones according to Boehringer instructions. The Musca hunchback probe is 1 kb long and corresponds to an EcoRI-EcoRI genomic fragment containing the first zinc-finger domain. Sense and anti-sense probes were made. The 1.75 kb D. melanogaster hunchback probe corresponds to the coding sequence.
